An array of ultracold atoms in an optical lattice (Mott insulator) excited to a state where single electron wavefunctions spatially overlap would represent a new and ideal platform to simulate exotic electronic many-body phenomena in the condensed phase. However, this highly excited non-equilibrium system is expected to be so short-lived that it has eluded observation so far. Here, we demonstrate the first step toward its realization by exciting high-lying electronic (Rydberg) states of the atomic Mott insulator with a coherent ultrashort laser pulse. Beyond a threshold principal quantum number where Rydberg orbitals of neighboring lattice sites overlap with each other, the atoms efficiently undergo spontaneous Penning ionization resulting in a drastic change of ion-counting statistics, sharp increase of avalanche ionization and the formation of an ultracold plasma. These observations signal the actual creation of exotic electronic states with overlapping wave functions, which is further confirmed by a significant difference in ionization dynamics between a Bose-Einstein condensate and a Mott insulator.
An array of ultracold atoms in an optical lattice (Mott insulator) excited to a state where single electron wavefunctions spatially overlap would represent a new and ideal platform to simulate exotic electronic many-body phenomena in the condensed phase. However, this highly excited non-equilibrium system is expected to be so short-lived that it has eluded observation so far. Here, we demonstrate the first step toward its realization by exciting high-lying electronic (Rydberg) states of the atomic Mott insulator with a coherent ultrashort laser pulse. Beyond a threshold principal quantum number where Rydberg orbitals of neighboring lattice sites overlap with each other, the atoms efficiently undergo spontaneous Penning ionization resulting in a drastic change of ion-counting statistics, sharp increase of avalanche ionization and the formation of an ultracold plasma. These observations signal the actual creation of exotic electronic states with overlapping wave functions, which is further confirmed by a significant difference in ionization dynamics between a Bose-Einstein condensate and a Mott insulator.
Electronic properties of condensed matter are often determined by an intricate competition between kinetic energy, that aims to overlap and delocalize electronic wave functions across the crystal lattice, and localizing electron-electron interactions. In contrast, the gaseous phase is characterized by valence electrons being tightly localized around the ionic atom cores in discrete quantum states with well-defined energies. As an exotic hybrid of both cases, one may wonder which state of matter is created when a gas of isolated atoms is suddenly excited to a state where electronic wave functions spatially overlap as in the solid. How fast can those overlapping wave functions be created, and into which state do they finally disintegrate? If the timescales for these processes are sufficiently separated, one could use such a system as a quantum simulator for exotic many-body electronic phenomena dominated by the Coulomb interaction.
Here, we have explored first steps into such a regime by exciting high-lying electronic (Rydberg) states in an atomic Bose-Einstein condensate (BEC) and a unity-filling Mott insulator (MI), i.e. an optical lattice with one atom per site, with a coherent ultrashort laser pulse [1] . Beyond a threshold principal quantum number, we enter the regime of overlapping Rydberg electrons [2] [3] [4] [5] that leads to a sharp increase of avalanche ionization of the gas and the formation of a plasma after dwell times of tens of nanoseconds. Understanding the dynamics of this process using full ion-counting statistics represents a major step toward the controlled creation of delocalized electronic many-body states.
An ensemble of Rydberg atoms in an optical lattice provides an ideal platform for the study of strongly interacting manybody systems [6] [7] [8] . Optical lattices have already been effective in studying Rydberg blockade [9] [10] [11] , Rydberg crystals [12, 13] , quantum simulation of Ising Hamiltonians [14, 15] , bistability in open many-body systems [16] , Rydberg molecules [17] , atom-clock networks [18] and implementation of quantum random walks [19] . In these studies, continuous-wave excitation is employed to achieve precise quantum state control. Spectral resolution is typically much finer than the scale of the Rydberg-Rydberg interactions thus singling out specific few-or many-body quantum states of the structured gas involving single (Rydberg blockade [20] ) or multiple (Rydberg molecules [21] ) excitations. In the current experiment we explore the opposite regime using broadband excitation with picosecond laser pulses. As the spectral width covers the entire range of Rydberg interaction energies, the laser field might, in principle, coherently excite delocalized electronic superposition states extending over multiple atoms.
Under our experimental conditions, the electronic Rydberg wave functions of a pair of nearest neighbors in the lattice overlap for principal quantum numbers beyond ≥ 50 (see Fig.  1a ). We can therefore study the effects of overlapping electronic states on the Rydberg gas selectively and with high temporal resolution. Employing full-counting statistics of ion detection under such extremely controlled conditions, we have found that the characteristics of the subsequent ionization processes is dramatically changed by the degree of initial overlap of Rydberg orbitals between neighboring atoms. In particular, the formation of an ultracold plasma is fully suppressed if the initial Rydberg pair wave functions are not overlapping. Figure 1b schematically shows our experimental system. The experiment starts by preparing a Bose-Einstein condensate (BEC) of about 3×10 4 87 Rb atoms which is then adiabatically loaded into an optical lattice to produce a unity-filling Mott insulator of about 3×10 4 87 Rb atoms in the hyperfine state | = 1, + = 1⟩ or | = 2, + = 2⟩ of the 5S1/2 ground state manifold (see the subsection "Ultracold atom preparation" in the Supplementary Materials [22] ). In the Mott insulator, the atoms form a three-dimensional lattice with a period of 532 nm. The 87 Rb atoms are excited to Rydberg states via a two-photon transition using broadband picosecond laser pulses with center wavelengths tuned to ~ 779 nm (IR pulse) and ~ 481 nm (blue pulse), as schematically shown in Fig. 1b , after turning off the trapping laser. The bandwidth of the excitation is ~ 140 GHz. When the atoms are initially prepared in the | = 2, + = 2⟩ Einstein condensate or a unity-filling Mott insulator are excited to Rydberg D states via a two-photon transition using picosecond laser pulses. Ions created through ionization processes are accelerated by the electric field pulse applied to electrodes and subsequently accelerated to a microchannel plate (MCP) detector. c, Schematic presentation of the two-step mechanism of Rydberg-induced plasma formation. The first step is Penning ionization from a pair of Rydberg atoms with overlapping electron orbitals. These Penning electrons (blue arrows) may further ionize other Rydberg atoms (yellow arrows) in an avalanche process. The electrons might eventually be trapped by the remaining ion cores, thus forming an ultracold plasma. state, the laser pulses are circularly polarized along the direction of the magnetic field, effectively suppressing excitations to the Rydberg S states. Accordingly, the state n D5/2 ( . = 5/2) is mostly populated, with the principal quantum number selected by tuning the center wavelength of the blue pulse. When the atoms are initially populated in the | = 1, + = 1⟩ state, the direction of the magnetic field is set perpendicular to the propagation axis of the laser pulses so essentially the state n D5/2 is populated with a ~ 2% admixture of the state n D3/2 (see [22] for more details). For n < 47, almost a single Rydberg state is excited, whereas beyond this principal quantum number the excitation bandwidth exceeds the level spacing, and a Rydberg wave packet of two or more Rydberg levels is created. The Rydberg excitation probability is controlled by tuning the blue pulse energy and measured by field ionization with an electric field pulse (rise time ~ 500 ns, fall time ~ 300 ns) combined with a microchannel plate (MCP) detector (see Fig.  1b and the subsections "Electrodes and the electric field pulse" and "Excitation probability measurements" in [22] ).
As schematically shown in Fig. 1c , it is well established that there are generally two processes leading to the ionization of interacting Rydberg atoms and, under certain circumstances, the formation of an ultracold plasma [23, 24] . The initial ionization process following electronic excitation is Penning ionization of a pair of interacting Rydberg atoms [4, 5, 25, 26] . In a secondary process, the free electrons might ionize other Rydberg atoms. This avalanche process is particularly efficient when the accumulated Penning ions trap the electrons, thus leading to the formation of an ultracold plasma [27, 28] . To detect the ions created via these ionization processes, we accelerate those ions toward the MCP detector with the electric field pulse, whose voltage is lowered enough not to field-ionize Rydberg states n < 63 (see the subsection "Ion counting" in [22] ). The delay t between the picosecond laser pulses and the rising edge of the electric field pulse is set to ~ 60 ns, thus ensuring no temporal overlap between laser and electric field pulses (see [22] for more details of the definition of t). The experiment is repeated many times under identical experimental conditions, allowing for a statistical analysis of the number of ions being produced after each realization.
In a first series of experiments we compare ion-counting statistics for a BEC and a MI under similar conditions (initial atom number ~ 30,000, volume and Rydberg excitation probability p ~ 0.03) exciting atoms to the state n = 42. Thus, the major difference between these two scenarios is the spatial pair correlation function, which excludes pairs at distances below the lattice spacing of 532 nm in the case of the MI, while permitting any pair distance in the case of the BEC (for studies on Rydberg excitation of a BEC in the blockade regime, see [29] ). Figure 2a compares the arrival-time distribution of ion signals at the MCP detector for the BEC (upper panel) and MI (lower panel). A first burst of ions arrives around 45 µs given by the time of flight after being accelerated by the electric field pulse. These ions are created in the 60-ns dwell time between the laser and electric field pulses. There is a tail of ions arriving at later times, more strongly pronounced in the MI case than for the BEC, which can be assigned to ions created during the ~ 800-ns electric field pulse, thus experiencing a smaller average acceleration. As these latter ions are created under conditions not well defined, we ignore ions arriving at times later than or equal to 60 µs in the analysis throughout this paper.
The most striking feature of the comparison between the BEC and MI scenarios shown in Fig. 2a is the drastic suppression of ionization, indicating a vanishing probability for Penning ionization during the 60 ns period of free evolution in the MI case. In fact, efficient Penning ionization would require substantial overlap of the electronic wave functions [4, 5] , which is excluded in the MI for the present principal quantum number n = 42 (see Fig. 1a ). Further insight into the dynamics following initial Penning ionization is provided by inspecting the statistical distribution of ion numbers, in particular when normalizing it to the average number of initial Rydberg atoms, as depicted in Fig. 2b . While a negligible portion of Rydberg atoms is actually ionized in the MI case, one third of the Rydberg atoms excited in the BEC get ionized on average, with a large spread ranging from few realizations without any ionization to ionization of more than half of initial Rydberg number.
In order to gain further insights into the underlying dynamics of ion formation, we study the spontaneous ionization after Rydberg excitation in a MI in more detail, employing the same experimental conditions (initial atom number ~ 30,000, volume and Rydberg excitation probability p ~ 0.03) as before, but now turning off a magnetic field gradient to support the BEC against the gravity and exciting from the | = 2, + = 2⟩ state instead of the | = 1, + = 1⟩ state to populate the almost single magnetic sublevel n D5/2 ( . = 5/2). Figure 3a shows the fullcounting statistics of the ion number for principal quantum numbers n ranging from 38 (no wave function overlap of neighboring Rydberg pairs, see Fig. 1a ) to 57 (substantial wave function overlap). The distribution of ion numbers changes drastically around principal quantum number n ~ 50. While only a small portion of Rydberg atoms (around 10% on average) is ionized for lower n, a much larger fraction becomes ionized at higher n with a non-negligible fraction of realization where more than 2/3 of the initial atoms are ionized.
A more quantitative analysis of the ion distribution statistics is provided by Figs. 3b-d, which depict the median normalized to the average number of initial Rydberg atoms, the Q parameter as a measure of the deviation from a Poissonian distribution (Q = 0), and the fraction of realizations resulting in the ionization of more than 2/3 of the initial Rydberg atoms, respectively. All three measures exhibit a sharp change in their dependence on the principal quantum number separating the regime n < 50 from n > 50.
In order to interpret the strong super-Poissonian statistics (Q > 0) for n > 50 as captured by the Q parameter defined as Q = 〈( − 〈 〉) 7 〉/〈 〉 − 1 (see Fig. 3c ), where is the number of ions produced in each measurement, we have numerically calculated the statistics of the Penning ionization, assuming that a pair of Rydberg atoms on neighboring lattice sites undergoes solely Penning ionization (see Fig. 1c , left panel, with very few examples where four or more atoms are arranged without a gap in the lattice sites), and found that the ion distribution would then follow Poissonian statistics (see [22] for the details), so that this possibility can be safely excluded. The observed super-Poissonian distribution thus points toward a different mechanism of ion creation, which we identify with secondary avalanche ionization following Penning ionization initiated through laser excitation of overlapping electronic wave functions of Rydberg pairs in the nearest-neighbor lattice sites (see Fig. 1c , right panel). The avalanche ionization constitutes a highly nonlinear process critically depending on the initial microscopic spatial configuration of Rydberg atoms in each experimental realization, thus giving large values for the Q parameters.
Transformation of more than 2/3 of the Rydberg atoms into ions signals the emergence of an ultracold plasma [23, 26, 30] . Fig. 3d indicates that beyond n ~ 50, an increasing fraction of microscopic realizations of efficient avalanche ionization culminates in the creation of such an exotic neutral plasma, while plasma formation through short-pulse Rydberg excitation of a MI is not favored for n < 50. We have numerically evaluated the depth of the ionic potential formed by Penning ions under the present experimental conditions, assuming that a pair of Rydberg atoms in the neighboring lattice sites with their overlapping Rydberg orbitals undergoes Penning ionization (see [22] for the details). We have averaged calculated ionic potentials over many different initial configurations of Rydberg atoms randomly generated by the Monte Carlo method. It is
FIG. 2: Comparison of ion productions from a Bose-Einstein condensate (BEC) and unity-filling Mott insulator (MI).
Atoms are excited to the Rydberg state (principal quantum number n = 42, excitation probability p ~ 0.03) with picosecond laser pulses from the 87 Rb ground state 5S1/2 | = 1, + = 1⟩, and produced ions are detected after a dwell time of t ~ 60 ns. The graphs show the results of fifty independent measurements under similar conditions (~ 30,000 atoms, volume) a, Arrival-time distribution of the ion signals. The ordinate represents the number of TTL pulses of ion counting summed over the fifty measurements (see [22] for the details of ion counting). The Penning and avalanche ions produced during the dwell time are accelerated toward the MCP detector with the electric field pulse (pulse width < 1 µs), whose voltage is lowered enough not to ionize Rydberg states n < 63. The ion number indicated in each figure is the one detected at arrival times shorter than 60 µs and averaged over the fifty measurements. These numbers are rounded to an integer. b, Statistical distribution of ion numbers produced from the BEC (top graph) and MI (bottom graph). The bin size is 30 ions. The arrows indicate the mean number of ions. The upper abscissa shows the number of ions normalized to the average number of Rydberg atoms created initially. The Q parameter quantifying the deviation from a Poissonian distribution is 36 for the BEC and 12 for the MI, respectively.
found that the spatially averaged potential depth is indeed large enough to trap Penning electrons and could thus indeed result in efficient plasma formation. An intriguing feature of this ultracold plasma is the preordering of the remaining ion cores, which might result in reduced disorder induced heating and thus an increased plasma parameter [31] [32] [33] .
The results of this second series of experiments involving a unity-filling MI can be summarized in the following simple model shedding new light onto the ionization dynamics of an ultracold Rydberg gas [4, 5, 31, [34] [35] [36] : When Rydberg excitation probability is low and wave function overlap is negligible, corresponding to the regime n < 50, ionization occurs only through accidental primary ions being created, e.g., by motion-induced Penning ionization [37] or other processes. The electrons freed by this process might eventually ionize other Rydberg atoms in an avalanche-like process. Only a small fraction of the Rydberg gas gets ionized actually (or undergoes state redistribution [36] ), and formation of an ultracold plasma is excluded. If, however, spontaneous initial Penning ionization is facilitated by laser excitation of overlapping Rydberg pair states through the broadband laser field, as observed in the regime n > 50 in the present experiment, subsequent avalanche processes result in ionization of large fractions of Rydberg atoms and efficient formation of an ultracold plasma even for low Rydberg excitation probabilities.
This reasoning based on the results involving a MI also explains the striking contrast between the BEC and MI scenarios shown for n = 42 in Fig. 2 . In the BEC, the atoms are randomly distributed without restriction on the minimal pair distance, so that there are always pairs of atoms for which overlapping Rydberg orbitals are excited even for low principal quantum numbers. These pairs form the initial grains of Penning ionization triggering the highly nonlinear avalanche processes, whereas in the MI such pairs are absent. In contrast to the MI scenario at higher principal quantum number, however, ionization in the BEC for n = 42 does not necessarily lead into the formation of an ultracold plasma since there is no realization where more than 2/3 of the initial Rydberg atoms are ionized, as seen in Fig. 2b . Under the present experimental conditions the densities of Penning ions may not be large enough to maintain an effective trapping potential for the electrons. This is consistent with our numerical evaluation of the depth of the ionic potential formed by Penning ions, where the potential depth is much larger than expected kinetic energy of Penning electrons in the MI for n > 50, whereas they are comparable in the BEC for n = 42 under the present experimental conditions (see [22] for more details).
The precisely controlled ionization and plasma formation demonstrated in this work provides a novel path toward the study of the competition between kinetic energy and electronelectron interactions in crystal structures. This competition underlies a vast range of the most elusive phenomena in strongly correlated physics. The present work provides us with a better understanding of the stability of many-body Rydberg systems [14, 15, [38] [39] [40] [41] and the mechanism for ultracold plasma formation [23, 24, 28, 42] . Importantly, on timescales much shorter than the 60 nanoseconds dwell time observed in our experiments coherent electron dynamics can in principle generate metal-like phases in which Rydberg electrons are shared by multiple sites of a Mott insulator [1] . For a pair of atoms with overlapping electronic wave packets the time scale for Penning ionization is around 1 -10 nanoseconds for ≳ 50 studied here [4, 5] . This allows observation of delocalized electron states using ultrafast Ramsey interferometry with attosecond precision on picosecond timescales [43] [44] [45] before they decay through Penning ionization. Such a metal-like phase would open a completely new regime of many-body physics that could be applied to quantum simulation of exotic manybody electronic phenomena.
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Supplementary Materials for "Ultrafast creation of overlapping Rydberg electrons in an atomic BEC and Mott-insulator lattice"

Ultracold atom preparation
A 3D magneto-optical trap (MOT) of 87 Rb atoms was loaded from a 2D-MOT for 2 s. During the subsequent MOT compression for 50 ms, atoms were transferred to a crossed optical dipole trap (ODT) formed by 1,064 nm beams. A Bose-Einstein condensate (BEC) of ~ 3× 10 4 atoms in the 5S1/2, | = 1, + = 1⟩ state was created after the evaporative cooling in the ODT for 8.05 s. During the next 100 ms, the potential depth was decreased and a magnetic field gradient of ~ 30 G/cm was turned on to cancel out the gravity for this state. We then loaded the BEC into a three-dimensional optical lattice with a lattice spacing of 532 nm for the next 300 ms to form a unity-filling Mott insulator (MI). The final lattice depth was 20 < , where < is the recoil energy of the optical lattice beam. For the results shown in Fig. 2 in the main text, both the BEC and unity-filling MI were held in the trapping potential having almost same external trapping frequencies ( > , ? , @ ) = 2p × (20, 47, 47) Hz (see Fig. 1b in the main text). For the results shown in Fig. 3 in the main text, we turned off the magnetic field gradient after the lattice ramp and applied a microwave pulse to perform an adiabatic rapid passage from | = 1, + = 1⟩ to | = 2, + = 2⟩ state. Figure S1 shows the schematic of electrodes and a microchannel plate (MCP) to detect Rb + ions. Eight electrodes were fixed inside a vacuum chamber to surround an atomic ensemble. We applied positive and negative voltage pulses to red and blue electrodes, respectively. For the results shown in Fig. 2 in the main text, we applied only negative voltage pulses whose voltage was set to -150 V. For the results shown in Fig. 3 in the main text, we applied both positive and negative voltage pulses whose voltages were set to 100 V and -50 V, respectively. The resulting electric field was ~ 20 V/cm. When we measured the Rydberg excitation probability, we applied both positive and negative voltage pulses whose voltages were set to 1500 V and -750 V, respectively. The rise and fall times of all the voltage pulses were ~ 500 ns and ~ 300 ns, respectively.
Electrodes and the electric field pulse
Excitation probability measurements
In order to estimate the Rydberg excitation probability of a unity-filling MI, we repeated the Rydberg excitation and field ionization with high voltage pulses (see the subsection "Electrodes and the electric field pulse") for 200 times at a 1 kHz repetition rate. We integrated the obtained ion signals using a gated integrator. The integrated value followed the function = (1 − ) >CD , where is a factor proportional to the number of Rydberg atoms initially prepared, is the Rydberg excitation probability and is the number of irradiated pulses ranging from 1 to 200. We estimated the excitation probability FIG. S1: Schematic of electrodes and a microchannel plate. Eight electrodes are fixed inside a vacuum chamber. We apply positive and negative voltage pulses to red and blue electrodes, respectively to detect ions with a microchannel plate. Number of photo-ions by fitting the measured decay with this function. We also measured the relation between the factor and the excitation probability under the condition of ~ 30,000 atoms in a unityfilling MI, which was used to estimate the excitation probability of a BEC. For the case of the BEC, we found that the ground state atoms escaped from the trap even if we used only IR pulses. This could be due to the shallower trapping potential for the BEC than MI. Accordingly, we shined only one excitation pulse to measure the factor after preparing the BEC of ~ 30,000 atoms. We then converted this factor to the excitation probability using the relation between and mentioned above. We controlled the excitation probability by tuning the blue pulse energy and kept the IR pulse energy always the same.
Ion counting
In order to detect the ions created via the ionization processes discussed in the main text, we lowered the voltage of the electric field pulse (see the subsection "Electrodes and the electric field pulse") enough not to ionize Rydberg states n < 63. The output of the MCP was amplified with a preamplifier and sent to a discriminator which generates TTL pulses. In order to obtain the relation between the number of TTL pulses and produced ions, we carried out a calibration measurement consisting of three independent measurements by using photo-ions. First, we detected photo-ions and counted the number of TTL pulses generated due to these ions. Here, we used only IR pulses and created photo-ions by a three-photon ionization of a MI. The volume of the MI is almost same as the one used in Figs. 2 and 3 in the main text. Second, we measured the photo-ionization probability employing the same method used to estimate the Rydberg excitation probability (see the subsection "Excitation probability measurements"). Third, we measured the atom number by the absorption imaging. Number of photo-ions were obtained as a product of the photo-ionization probability and atom number. We repeated these measurements by changing the photo-ionization probability and/or atom number to obtain the relation between the number of TTL pulses and photo-ions. Figure S2 shows the results of this calibration measurement. We then obtained the calibration curve by fitting the data based on the non-extended dead-time model [46] . We used the fitting function FFG = IJK /(1 + IJK ) , where FFG and IJK is number of TTL pulses and photo-ions, respectively. The fitting parameters and was estimated to be 0.18307 and 0.00083146, corresponding to the detection efficiency and dead time, respectively. We used this function FFG = IJK /(1 + IJK ) to estimate the produced ion number from the measured TTL pulse number in Figs. 2 and 3 in the main text.
Verification of unity-filling Mott insulator
We made an independent measurement of the light-assisted collisions [47] in a MI as a function of atom number with the geometrical mean trapping frequency of 39 Hz. Figure S3 shows the result, from which it is seen that the fast decay component (corresponding to doublons) disappears for atom number less than ~ 32,000. The fraction of doublons is thus almost negligible under the present conditions (atom number ~ 30,000 and the geometrical mean trapping frequency 35 Hz).
Fraction of Rydberg populations
The picosecond laser pulses are circularly polarized along the x-axis (see Fig. 1b prepared in the 5S1/2, | = 1, + = 1⟩ state, the direction of the magnetic field during the Rydberg excitation is along the z-axis perpendicular to the propagation axis of the laser pulses.
Therefore, not only the state n D5/2 ( . = 5/2) but also other states are populated after the Rydberg excitation. Figure S4 shows the calculated fraction of their populations using the open source program [48] . It is seen from this figure that the state n D5/2 is mostly populated with a ~ 2% admixture of the state n D3/2.
Definition of the delay t
The electric field pulse consists of positive and negative voltage pulses (see the subsection "Electrodes and the electric field pulse"). The delay t between the picosecond laser pulse and the rising edge of the electric field pulse is set to ~ 60 ns, thus ensuring no temporal overlap between laser and electric field pulses. Figure S5 shows their timing relationship. Here the positive and negative voltages are set to 100 V and -50 V, respectively. The laser pulse is monitored by a photo-detector.
The delay t is defined as the delay between the rising edge of the monitored laser pulse and electric field pulse.
Monte Carlo simulation for Penning ionization
Here, we explain how to perform the Monte Carlo simulation for the ion-counting statistics due to the Penning ionization in the MI and BEC cases. In the MI case, we consider a threedimensional cubic lattice O > , ? , @ P = (56, 23, 23) , where >,?,@ is the number of lattice sites for each direction. We assume that a Rydberg atom occupies a lattice site with probability p. In order to consider the Penning ionization, we define a cluster, which is a group of nearest neighboring occupied sites. A cluster size is defined by the number of Rydberg atoms containing the cluster.
We assume that when two Rydberg atoms are next to each other, one ion is created due to the Penning ionization. When the cluster size is larger than two, we assume that ⌊m/2⌋ ions are created, where m is the cluster size and ⌊•⌋ is the floor function. For example, the size 3 cluster generates one ion and the size 4 cluster generates two ions, respectively. Figure S6 shows the Monte Carlo results of the ion number distribution for p = 0.03 in the MI case. The results are obtained by 10,000 samples. The red points represent the Monte Carlo results and the blue line represents the Poisson distribution function. We plot the Poisson distribution function by using the mean number of ions VWXK ≃ 68 estimated by the Monte Carlo method. We can see that the Monte Carlo results and the Poisson distribution function are in good agreement. We also evaluate the Q parameter by using the Monte Carlo method. The value is about 0.02. From these results, we can conclude that the ion number distribution due to the Penning ionization for the MI follows a Poissonian.
In the BEC case, we consider the 30,000 87 Rb atoms in the harmonic trap, whose trapping frequencies are matching the experimental condition, i.e. ( > , ? , @ ) = 2p × (19.6, 46.8, 46.8) Hz. We randomly distribute 30,000 87 Rb atoms according to the Thomas-Fermi distribution function and then replace 87 Rb atoms with the Rydberg atoms with probability p. To define the cluster for the BEC case, we consider the radius of the Rydberg atom \ , where is a principal quantum number of the Rydberg atom. We define the radius of the Rydberg atom as the distance between the nucleus and the point where the amplitude of the wave function of the Rydberg electron is maximum (see Fig. 1a in the main text). The wave function of the Rydberg electron is obtained by using the open source program [48] . A cluster of the BEC is defined by a group of the Rydberg atoms whose interparticle distance is less than or equal to 2 \ . In the same manner of the MI case, we assume that ⌊m/2⌋ ions are generated for each size m cluster. Figure S7 shows the results for the ion number distribution for p = 0.03 for the BEC case. The results are obtained by 10,000 FIG. S5: Timing relationship between the laser and electric field pulses. The black line represents the laser pulse monitored by a photo-detector. The red and blue lines represent the positive and negative voltage pulses, respectively (see the subsection "Electrodes and the electric field pulse"). (Fig. S7a) and VWXK ≃ 197 for = 57 (Fig. S7b ) estimated by the Monte Carlo method. The Q parameters are 0.006 for = 42 and -0.03 for = 57, respectively. These results show that the ion number distribution due to the Penning ionization for the BEC is also described by a Poissonian.
Coulomb potential generated by ions
Here, we discuss the Coulomb potential created by ions [23] . Let I ( ) be an ion number density. An electron feels the following Coulomb potential:
where k is the electric constant and e is the elemental charge. We assume the ion number density as a summation of the Gaussian
where z and x are the total number of the ions and the positions of the ions, respectively. The potential is given by
where erf(•) is the error function. We choose = 0.1 nm. We have checked that the results presented below are insensitive to the choice of around this value.
Here, we consider the spatial average of the potential. The averaged potential is defined by
where V is the volume of the integral region. For the MI case, we set the integral region as 1,2, ⋯ ,23. For the BEC case, we set the integral region as the region where the Thomas-Fermi density distribution function is nonzero. The volume of the integral region is given by = 4 F‹,> F‹,? F‹,@ /3 , where F‹,>,?,@ is the Thomas-Fermi radius of each direction. In order to estimate the averaged potential, we use the Monte Carlo method as described in the previous subsection assuming that a pair of Rydberg atoms in the neighboring lattice sites with their overlapping Rydberg orbitals undergoes the Penning ionization. The ion positions are determined as follows: For size m cluster, we randomly choose ⌊m/2⌋ Rydberg atoms in the cluster and replace them with the ions.
The Monte Carlo results are shown in Fig. S8 . We show the averaged potential of the MI case as a function of the Rydberg excitation probability p. We can find that the averaged potential for p = 0.03 is larger than the electron binding energy for ≥ 50. The binding energy is obtained by using the open source program [48] . The potential due to the ions is thus estimated to be large enough to trap the Penning electrons.
In the BEC case for = 42 and = 0.03, we find that the averaged potential is about X‚W = −0.0099 eV. This value is comparable to the electron binding energy for = 42: OEIK• = −0.0082 eV. The potential may thus not be deep enough to trap the Penning electrons.
